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The purpose of these experiments was to use radiolabelled microspheres to measure blood flow
distribution within the brain, and in particular to areas associated with motor function,
maintenance of equilibrium, cardiorespiratory control, vision, hearing and smell, at rest and
during exercise in miniature swine. Exercise consisted of steady-state treadmill running at
intensities eliciting 70 and 100 % maximal oxygen consumption (I./Oz,max)'

Mean arterial pressure was elevated by 17 and 26 % above that at rest during exercise at 70 and
100 % I./Og,max’ respectively.

Mean brain blood flow increased 24 and 25% at 70 and 100 % I'/Oz,maxa respectively. Blood flow
was not locally elevated to cortical regions associated with motor and somatosensory functions
during exercise, but was increased to several subcortical areas that are involved in the control
of locomotion.

Exercise elevated perfusion and diminished vascular resistance in several regions of the brain
related to the maintenance of equilibrium (vestibular nuclear area, cerebellar ventral vermis
and floccular lobe), cardiorespiratory control (medulla and pons), and vision (dorsal occipital
cortex, superior colliculi and lateral geniculate body). Conversely, blood flow to regions related
to hearing (cochlear nuclei, inferior colliculi and temporal cortex) and smell (olfactory bulbs and
rhinencephalon) were unaltered by exercise and associated with increases in vascular
resistance.

The data indicate that blood flow increases as a function of exercise intensity to several areas
of the brain associated with integrating sensory input and motor output (anterior and dorsal
cerebellar vermis) and the maintenance of equilibrium (vestibular nuclei). Additionally, there
was an intensity-dependent decrease of vascular resistance in the dorsal cerebellar vermis.
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Generally brain blood flow is maintained at a relatively
constant rate (Heistad & Kontos, 1983). However, during
exercise total brain blood flow in humans has been shown
to increase (Hedlund et al. 1962; Thomas et al. 1989).
Evidence suggests that the increase in perfusion is due to
local increases in blood flow to regions associated with
increased motor function. For example, vigorous leg, arm
and hand movements evoke marked focal increases in
cortical blood flow of the contralateral hemisphere
(Olesen, 1971; Roland et al. 1977; Halsey et al. 1979;
Friedman et al. 1991, 1992; Fink et al. 1995). Focal

increases in blood flow have also been shown to occur
during other types of non-motor activities. Visual
stimulation, for example, has been shown to increase
blood flow in the occipital cortex (Sokoloff, 1961; Cooper
et al. 1965), and mental tasks have been reported to
induce focal increases in cortical blood flow (Risberg &
Ingvar, 1973; Roland, 1987).

Whole body dynamic exercise is a complex activity that
not only entails neural integration and control of motor
function, but also involves other neural functions
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including integration of sensory input in coordination
and balance, maintenance of blood gas and blood pressure
homeostasis, and regulation of body temperature. Thus,
it would be expected that local changes in blood flow occur
in locomotor areas of the central nervous system
controlling muscle contraction and in discrete areas of the
brain regulating other bodily functions affected by the
performance of exercise. Previous investigators have used
animal models to determine whether regional changes in
brain perfusion occur during whole body dynamic
exercise. Using the microsphere technique, cortical blood
flow has been shown to remain unaltered (Foreman et al.
1976; Manohar, 1986, 1987; Manohar & Goetz, 1998) or
increase (Gross et al. 1980) during exercise, while cerebellar
flow has been shown to be elevated during locomotion
(Foreman et al. 1976; Gross et al. 1980; Manohar, 1986,
1987; Manohar & Goetz, 1998). In these studies, however,
blood flow to relatively few other regions of the brain was
measured, and these regions were not always associated
with a particular function. Therefore, the purpose of this
study was to determine (1) whether locomotor exercise
alters brain blood flow distribution in regions associated
with motor and sensory control, the maintenance of
equilibrium, cardiorespiratory control, hearing, olfaction
and vision, and (2) whether regional brain blood flow is
modified by exercise of different intensities. We
hypothesized that blood flow would be elevated during
exercise in those areas related to motor and sensory
function, cardiorespiratory regulation, and balance, but
not to regions related to the special senses (hearing, smell
and vision). Based on the previous study of total brain
blood flow during exercise in humans (Thomas et al.
1989), we further hypothesized that regional flows would
not vary with exercise intensity.

METHODS

The methods employed in this study were approved by the
Institutional Animal Care and Use Committee. The investigation
conforms with the National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals (DHHS Publication No. (NIH)
85-23, Revised 1985, Office of Science and Health Reports,
Bethesda, MD 20892, USA).

Animal care and training

Eight female miniature swine (20—25 kg, 5-6 months old) of Pitman-
Moore strain were housed individually in a room maintained at
23 + 2°C with a 12 h light : 12 h dark cycle. The animals underwent
an exercise habituation program on a motor-driven treadmill
designed to teach them to run at speeds up to those eliciting maximal
oxygen consumption (V()zymx). After the first several days of treadmill
familiarization, the animals performed the exercise sessions with a
mask positioned for determination of V;, using an open-circuit system
that has been previously described in detail (Fedak et al. 1981;
Norton et al. 1989). Exercise sessions initially consisted of continuous
running for 3 min each at progressively increasing speeds (1.6 km h™
increments) from 3.2 km h™" up to the speed that the pig could not
maintain for the 3 min period. With 10-15 days of treadmill
habituation, the animals were able to attain and maintain the speed
that elicited 17()2,max' In two pigs, there was no change in VOQ when
treadmill speed was increased from 16.2 to 17.1 km h™, and thus,
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Vozmx was considered to be elicited at 16.2 km h™" in these animals. In
the remaining six animals, there was no change in Voz when treadmill
speed was increased from 17.1 to 19.4 km h™", indicating that V()zymm
was achieved at 17.1 km h™".

Thoracic surgery was then performed for catheter placement (see
Surgical procedures). After 7—12 days of recovery, the pigs continued
their exercise program, starting with 5—10 min of walking per day
until they were again able to complete the daily regimen to 1}, ., as
described above. Approximately 3—5 weeks elapsed between surgery
and the time the animals could again achieve Voz’max. At the time of
the experiment, pig body mass remained at 20—-25 kg.

Surgical procedures

The pigs were fasted overnight, and the following morning were
immobilized with an intramuscular injection of ketamine
hydrochloride (35 mg kg™"). A catheter was then inserted in an ear
vein and an initial dose of pentobarbitone sodium (5-8 mg kg™)
administered. Throughout the remainder of the surgical procedure
(2-3 h) pentobarbitone sodium was administered through this
catheter as required (usually a total of 20-30 mg kg™). The animals
were instrumented via a midsternal thoracotomy while under
general anaesthesia as previously described (Armstrong et al. 1987;
Laughlin et al. 1989). Silastic catheters were positioned in the right
and left atria through the respective auricular appendages (catheter
size: 1.6 mm i.d., 3.13 mm o.d.) and in the descending aorta via the
right and left internal thoracic arteries (catheter size: 1.0 mm i.d.,
2.13 mm o.d.). Catheter tips were located 8—10 em below the junction
of the aorta and the left subclavian artery. The four catheters were
passed subcutaneously and externalized on the dorsum above the
cervical vertebrae and filled with heparin (100 u ml™"). The pigs were
administered broad-spectrum antibiotics (Tylan) for 4-7 days during
recovery. As indicated above, the animals began walking on the
treadmill 7-12 days after surgery.

Experimental protocol

On the day of the experiment the pigs were instrumented as follows:
(1) electrocardiogram electrodes were positioned; (2) a colonic probe
was positioned for monitoring core temperature; (3) a mask was
positioned for measurement of Vog; (4) an extension catheter was
attached to one of the internal thoracic artery catheters for
monitoring blood pressure and for withdrawing arterial blood
samples for gas and metabolite analysis; (5) an extension catheter
was attached to the left atrial catheter for microsphere infusion; and
(6) an extension catheter was attached to the other internal thoracic
artery for withdrawal of the reference blood samples for blood flow
calculations. After the pigs stood on the treadmill for approximately
5 min following instrumentation, pre-exercise heart rate, arterial
pressure, VOz and colonic temperature were recorded, blood samples
were obtained for gas and metabolite analysis, and microspheres
were infused for brain blood flow measurements. The treadmill was
then started, and the pigs walked for 5 min at 3.2 km h™" to warm
up. Treadmill speed was then increased to 11.2 km h™ (the speed
determined to produce ~70% V()z,mx) for 5min and the same
measurements taken during pre-exercise (heart rate, arterial
pressure, Voz, colonic temperature, blood samples, and brain blood
flow distribution using a different radiolabelled microsphere) were
made between 3 and 5 min of exercise, by which time V()z had attained
a steady state. Treadmill speed was then returned to 3.2 km h™ and
the animals walked for 5 min before speed was increased to
17.6 km h™", which was at or just above Voz,mux for all of the animals.
All samples and measurements were again made between 3 and 5 min
of exercise at this intensity. After completion of the experiment the
pigs were administered heparin (400 U kg™") followed by
pentobarbitone (35 mg kg™') through the right or left atrial catheter.
Instrumentation and catheter extensions were detached and the pigs
were killed by exsanguination. The brain was removed from the
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Table 1. Systemic cardiorespiratory variables and colonic temperature in miniature swine at rest
and during submaximal and maximal exercise

Pre-exercise

70 % I./()-_,,max 1 00 % I7()2,|113x

Mean arterial pressure (immHg) 121 + 2 141 +4* 153 £+ 3*F
Heart rate (beats min_]) 89 +9 234 +12%* 276 + 17*F
P, o, (mmHg) 104 + 6 108 + 8 107+ 9

P, ¢o, (mmHg) 39+3 35+ 1 26 + 5%

pH 7.38 +0.02 7.40 +0.03 7.25 + 0.04*F
[HCO,™] (mM) 23 + 2 23+ 2 10 + 2%+
[Lactate] (mm) 3+1 8+ 1% 21 + 2*F
[Haemoglobin] (g (100 ml)™) 113+1 12.0+1 123 +1

0, saturation (%) 96 + 1 96 + 1 97+ 1
Body temperature (°C) 38.0+ 0.3 3954+ 05%* 404 + 04*F

Values are means + S.EM. (n = 8). * Significantly different from Pre-exercise; T significantly different
from 70 % Vo, e (P < 0.05).

skull, detaching cranial nerves and the spinal cord, and further
sectioned into distinct regions as described below. The samples were
weighed, placed into counting vials, and counted in a gamma counter
(Packard Auto-Gamma 5780). Blood flows were computed from
counts per minute and tissue wet weights with an IBM PC. To assure
accurate determination of tissue blood flow, samples containing less
than 200 microspheres were excluded from the study. This resulted in
seven tissues having a sample size of four or five (see Table 2).

Blood flow measurements

Blood flows were measured with radiolabelled microspheres (New
England Nuclear) with a mean diameter of 15 gm. The isotope labels
used were “Co, “Nb, “Sc, "*Sn and *Sr. The microspheres were
suspended in physiological saline with 0.01 % Tween-80, and each
infusion consisted of 5 million spheres in 1.0 ml. The microsphere
suspensions were placed in a sonicator bath for 10 min and mixed on
a vortex for 1 min immediately before infusion. Each infusion was
performed as follows: (1) the reference blood sample withdrawal was
started at a rate of 3.69 ml min~' with a Harvard infusion/
withdrawal pump from one of the catheters in the descending aorta;
(2) the 1.0 ml microsphere suspension was then infused into the left
atrial catheter; (3) 10.0 ml of warm (37 °C) saline was slowly (~20 s)
infused through the left atrial catheter to flush the microspheres into
the heart; and (4) the reference sample withdrawal continued for
2 min after the saline infusion was completed.

Tissue sampling

The brain was sectioned into regions containing the right and left
olfactory bulbs, right and left cerebellar hemispheres (which included
the cortex, white matter and deep cerebellar nuclei), cerebellar
vermis lobules 1-5 (anterior part), lobules 6-8 (dorsal part) and
lobules 9-10 (ventral part), floccular lobe of the cerebellum, cochlear
nuclei, right and left rostral and right and left caudal divisions of the
medulla, vestibular nuclear area of the medulla, pons, midbrain,
hypothalamus, right and left thalamus, cervical spinal cord,
pyramid, pineal body, pituitary gland, inferior and superior colliculi
(right and left sides combined), lateral geniculate body (right and left
sides combined), right and left caudate nucleus, right and left cingulate
gyrus, fornix (white matter tract to hippocampus), right and left
hippocampus, right and left temporal cortex, right and left ventral
and right and left dorsal portions of the occipital cortex, right and
left rhinencephalon (includes olfactory tubercle and olfactory
cortex), right and left ventral and right and left dorsal portions of the
frontal cortex, right and left caudoventral, right and left caudo-
dorsal, right and left rostroventral, and right and left rostrodorsal
portions of the parietal cortex, optic chiasm and corpus callosum. The

right and left portions of the superior colliculi and lateral geniculate
body were combined so that > 200 microspheres would be present in
these tissue samples.

Cardiovascular and temperature measurements

Heart rates were continuously monitored with a Gould Bio-Tach
amplifier and 2400 chart recorder. Mean and pulsatile aortic
pressures were recorded continuously on the Gould recorder from the
aortic catheter (via an internal thoracic artery) with an Ailtech
pressure transducer. Regional vascular resistance was calculated by
dividing mean arterial pressure by the tissue flow. Colonic
temperature was continuously recorded from a temperature probe
placed ~15 e¢m into the colon.

Blood gases and metabolites

Blood samples for arterial O, partial pressure (P,,,), arterial CO,
partial pressure (P, co,), pH and lactate determinations were collected
in heparinized plastic syringes and immediately placed in an ice
slush. P, ¢, P, co, and pH were measured directly in an aliquot of each
blood sample with separate electrodes in an automated analyser
(IL 1302); HCO4~ was calculated. Plasma lactate concentration for
each blood sample was measured in an automated analyser (Dupont
ACA). Blood gas and lactate determinations were made within 1 h of
collection.

Separate arterial blood samples for haemoglobin determination were
taken in plastic syringes and rapidly transferred to B-D Vacutainer
tubes containing EDTA as anticoagulant. Haemoglobin concentrations
were measured (Ortho ELT-8/ds) using standard cyanmethaemoglobin
methods.

Statistical analysis

For each variable, a one-way repeated measures analysis of variance
was used to compare mean values across conditions (pre-exercise vs.
70% I}(')zy,,m vs. Vozy,,m). Pairwise multiple comparison procedures
(Student-Newman-Keuls method) were used to determine the
significance of differences among means. For all analyses, the 0.05
level was used to indicate statistical significance.

RESULTS

All eight pigs included in this study had recovered from
catheter instrumentation surgery sufficiently to attain
the level of maximal oxygen consumption measured prior
to surgery. Blood flow experiments were scheduled only
after post-surgical recovery of aerobic power was clearly
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Table 2. Regional cerebral blood flow and vascular resistance at rest and during submaximal and

maximal exercise

Blood flow (ml min™" (100 g)™")

Vascular resistance (mmHg m1™" min (100 g))

Pre-exercise 70 % V%,W 100 % I./()z,lvm_\ Pre-exercise 70% Voz,,\m 100% V(),_,y,,mx

Olfactory bulb

Right§ 56 + 11 73+ 14 65+9 241 4+031 219+0.24 255+0.34

Left§ 63 + 11 72+ 15 63 +6 1.90+£0.24 2.114+036 2.35+0.18
Rhinencephalon

Right 44+ 3 44+ 3 42+ 3 2.67+0.13 3.32+0.24* 3.76 +0.24*

Left 42+ 3 45+ 4 47+ 5 296 +0.18 3.32+0.28 3.63+0.32%
Frontal cortex

Right dorsal 67 + 5 69 + 7 71 +7 1.86 +0.14 2184 0.23* 2294 0.19*

Left dorsal 68 + 4 68 + 7 69 + 4 1.82+0.11 2.2240.20* 2.284+0.14%

Right ventral 59+ 5 66 + 8 66 + 8 2.13+0.12 231 +0.22 253+0.23*

Left ventral 59+4 62+ 6 58+5 2.10+0.11 241 +021 276+0.21%
Parietal cortex

Right rostrodorsal 66 + 4 73+ 7 7247 1.90+£0.13 2.07+0.22 2.26+4+0.21

Left rostrodorsal 61 +5 68 + 5 724+ 5 2.08+0.21 215+0.15 220+0.18

Right rostroventral 56 +5 62+ 6 62+ 6 2224019 24240.18 261 +027*

Left rostroventral 49 + 4 5247 54+5 251 4+0.18 2994+ 0.28*% 295+ 0.27*

Right caudodorsal 71+7 96 +12* 89+ 10* 1.85+0.22 1.63+0.20 1.88+0.18

Left caudodorsal 69 + 5 85+ 8* 86 + 7* 1.82+0.15 1.77+0.20 1.91+0.24

Right caudoventral 67+5 84 + 7% 83+ 9* 1.90+0.14 1.794+0.17 2.02+0.23

Left caudoventral 63+ 5 72+ 7% 73+ 6%* 2.004+0.16 2.084+0.19 2.20+0.18
Temporal cortex

Right 47+ 5 5247 56 + 10 258+ 0.21 296+037 3.20+0.27*

Left 44 + 4 44+ 3 45+ 5 2.86 +£0.28 3.34+0.22 3.60+045%*
Occipital cortex

Right dorsal 68 + 5 86 +9* 89 + 8* 1.85+0.15 1.78+0.18 1.82+0.18

Left dorsal 72+ 6 92 + 8* 89+ 7* 1.79+0.20 1.60+0.13 1.78+0.15

Right ventral 66 + 4 80 +7 77+ 8 1.87+0.10 1.86+0.18 2.104+0.20

Left ventral 60 + 3 73+ 6 68 + 7 2.044+0.11 2044018 245+0.24
Cingulate gyrus

Right 44+ 6 50+ 5 57+ 6 3.05+046 3.01 £0.30 2.85+0.31

Left 50 +4 51 +6 52+4 2474+ 0.18 293+ 0.15*% 3.02+0.32%*
Corpus callosum § 24 + 3 22+ 3 26 + 4 544+ 057 690+ 0.84* 6.46 +0.73*
Hippocampus

Right 41 +4 53+5% 54 +67% 3.114+0.28 282+0.23 3.03+0.27

Left 41 +4 5247 47+ 5 3.144+ 035 291 +£0.33 3.38+0.25
Fornix 21 +4 26 + 8 28 + 7 7.694+2.12 10.86 + 2.59* 10.21 + 2.33*
Caudate nucleus

Right 62+ 7 64 +7 68 +4 2324050 245+031 231+0.13

Left 68 + 8 76 + 4 76+ 4 1.99+029 1.91+013 2.06+0.11
Thalamus

Right 49+ 4 60 +6%* 66 +6* 2584+0.19 2524027 244+0.23

Left 48+ 4 61 £+ 8* 62+ 6% 2574+0.18 271 +0.36 2.61+0.28
Lateral geniculate body § 43+ 9 77T+ T* 77T+ T* 3.88+153 1.944+017* 1.98+0.19*
Pineal body § 68 + 17 69 + 5 56 + 14 2144048 2124014 3.09+0.97
Optic chiasm § 13+4 15+ 3 1242 1356 +6.0 123436 134+ 3.0
Hypothalamus 41 +7 57 + 14 56 + 13 3.64 +0.63 3.06 +£0.37 3.37+0.53
Pituitary gland § 104 + 13 71 +17 67 + 3 116 £0.13 2.50+0.67 2.26+0.17
Cerebellum

Right hemisphere 56 + 3 78 + 6* 81 +4%* 2.174+0.09 1.86+0.12* 1.92+0.11%

Left hemisphere 55 +4 82+ 6% 80 + 5% 2244012 1.79+0.13* 187 +0.11%

Vermis, anterior region 71 +5 104 £10* 123 £+ 9*F 1.7564+0.12 144 +0.12* 1.28 4+ 0.08*

Vermis, dorsal region 656+ 5 109 £ 8* 135+ 7*F 1.934+0.15 1.34+0.09*% 1124+ 0.05*F

Vermis, ventral region 67 + 8 101 £15* 118+ 15* 2.05+0.33 1.57+0.20*% 1.38+0.13*

Floccular lobe 70+ 5 108 £ 15* 102+ 6% 1.77+£0.14 146+0.22 1.524+0.12
Midbrain 45+ 5 55+ 6% 57+ 5% 3.02+046 283+0.31 282+4+0.24
Inferior colliculi 86+ 9 102 + 12 9949 1.64+023 1494014 1.634+0.15
Superior colliculi 1+7 92+ 7% 90 +6* 1.86 +£0.26 1.59+0.11 1.70+0.19
Pons 38+3 47 + 5% 48+ 5% 3.39+ 037 3.22+0.37 3.34+0.35
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Table 2 continued

Blood flow (ml min™" (100 g)™)

Vascular resistance (mmHg ml™" min (100 g))

Pre-exercise 70 % V%mx 100 % I./()g,max Pre-exercise  70% Voz,max 100 % Vomax
Medulla
Cochlear nuclei 61+9 77+ 8 69 + 10 2274+031 1.94+0.16 253+0.35
Vestibular nuclear area 81 4+ 8 99 +4* 117+ 6*F 1.554+0.15 1.4540.06 1.304+0.08
Right rostral 38+4 51 +6%* 52+ 6% 3444+044 2994037 3.13+0.38
Left rostral 37+4 53+ T7* 55+ 8* 3.514+040 285+ 0.35*% 291 +0.30
Right caudal 34+4 45+ 5 55 +4%* 3.794+ 043 334+036 286+0.17*
Left caudal 31+5 47+ 5% 51 £ 3% 526+ 096 3.17+0.30*% 3.05+0.22%*
Pyramidal tract 15+ 3 26 +4 25+ 5 12.00+4.60 651 +1.27 8.024+2.01
Cervical spinal cord 21+ 3 33+ 5% 37+ 4% 719+ 135 488+ 0.58*% 442+ 0.56%

Values are means + S.E.M. (n =8; § n=4 or 5). * Significantly different from Pre-exercise;
tsignificantly different from 70 % V;, .. (P < 0.05); T P= 0.056.

demonstrated. The resting V()z for the animals was
~7.5 ml min~" kg™'. During the pre-experimental exercise
sessions, 17()2 increased progressively with increasing
running speed up to speeds of 16-17.6 km h™', depending
on the individual animal. Plateaus in the plot of 17()2 as a
function of running speed were obtained in all animals,
and all pigs were at exercise intensities equal to or above
that necessary to produce Voz,max by the time they were
running at 17.6 km h™". The running speeds used in the
experiments were chosen based on these pre-surgery
l'/()z—exercise intensity relationships. Treadmill speeds of
11.2 and 17.6 km h™" elicited an oxygen consumption of
42+ 2 and 60 4+ 3 ml min~' kg™', respectively, which

corresponded to exercise at 70 and 100% V.
respectively, for these pigs.

Blood pressure and heart rate

Mean aortic blood pressure (Table 1) was 121 + 2 mmHg
at rest and was elevated 17 and 26 % during submaximal
and maximal exercise, respectively. Heart rate was
89 4+ 12 beats min~' during pre-exercise standing and
increased 163 and 210 % during exercise at 70 and 100 %
1702,,,,2“, respectively. Mean arterial pressure and heart rate
during maximal exercise was higher than that during
submaximal exercise.

Blood gases and metabolites

P, o, was 104 + 6 mmHg at rest and was not significantly
altered by exercise (Table 1). P, o, remained unchanged
during submaximal exercise, but was lower than that at
rest during maximal exertion. Both arterial blood pH and
[HCO; ] were unaltered during submaximal exercise, but
were lower than that at rest and submaximal running
during exercise at Vozmx. Arterial blood lactate
concentration was increased above that at rest during
submaximal exercise and was further elevated during
maximal exertion. Arterial haemoglobin concentration
and oxygen saturation did not change during exercise.

Colonic temperature

Resting core temperature was 38.0 £ 0.3°C (Table 1).
Temperature was elevated above that at rest during

submaximal intensity exercise, and further increased
during maximal intensity exercise.

Blood flow

Total brain blood flow increased from 55 + 4 ml min~
(100 g)™" at rest to 68 4+ 6 ml min~' (100 g)~' during
submaximal exercise and 69 + 5 ml min~' (100 g) ~'
during maximal exercise (Fig. 1). Of the 55 brain regions
tested, 23 showed elevated perfusion during exercise at
70% VOZ,,,,M and 24 had higher blood flow during running
at 100 % VOZ,,,,Z,X (Table 2). Three regions, the anterior and
dorsal lobules of the cerebellar vermis and the vestibular
nuclear area, had higher flows during maximal exercise
than during submaximal running.
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Figure 1. Total brain blood flow and vascular
resistance at rest and during submaximal and
maximal exercise

Values are means + S.E.M. (n = 8). * Significantly
different from Pre-exercise (P < 0.05).
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Vascular resistance

Total brain vascular resistance at rest was
2.28 4 0.17 mmHg ml™' min (100 g) and remained
unchanged during exercise (Fig. 1). Regional changes in
vascular resistance during exercise did, however, occur
(Table 2). Vascular resistance during submaximal and
maximal exercise was lower than at rest in the lateral
geniculate body, the right and left cerebellar
hemispheres, the anterior, dorsal and ventral cerebellar
vermis lobules, the left caudal medulla, and the cervical
spinal cord. Resistance during submaximal exercise in the
left rostral medulla was also lower than that at rest, and
resistance during maximal, but not submaximal exercise
was lower in the right caudal medulla. Conversely,
vascular resistance was higher than at rest during
submaximal and maximal exertion in the right
rhinencephalon, right and left dorsal frontal cortex, left
rostroventral parietal cortex, left cingulate gyrus, corpus
callosum, and fornix, and vascular resistance was higher
during maximal exercise than at rest in the left
rhinencephalon, right and left ventral frontal cortex,
right rostroventral parietal cortex, and the right and left
temporal cortex.

DISCUSSION

The present study demonstrates that blood flow to the
brain increases during submaximal and maximal exercise
(Fig. 1). The increase, however, is not uniformly
distributed throughout the brain. As has previously been
shown by others (Foreman et al. 1976; Manohar, 1986,
1987; Manohar & Goetz, 1998), there is no change in the
pertfusion rate to cortical areas of the cerebrum associated
with motor and somatosensory function during locomotor
exercise. This study extends these observations to
indicate that blood flow to regions of the brain related to
hearing and smell are also unaltered by physical exertion.
However, perfusion is elevated to regions of the brain
that are related to locomotion (subcortical locomotor
regions), the maintenance of equilibrium, cardiorespiratory
control and vision. Furthermore, the data indicate that
blood tlow increases as a function of exercise intensity to
several areas of the brain associated with integrating
sensory input and motor output (anterior and dorsal
cerebellar vermis) and the maintenance of equilibrium
(vestibular nuclear area of medulla).

Total brain blood flow in humans at rest is approximately
50—60 ml min~"' (100 g)™' (Thomas et al. 1989; Rowell,
1993), and during intense exercise, perfusion has been
shown to increase by 18-58% (Hedlund et al. 1962;
Thomas et al. 1989). Results from the present study
indicate that both the resting perfusion rate and the
magnitude of elevation of brain blood flow during
exercise in miniature swine (Fig. 1) are similar to those of
man. This suggests the miniature swine may be an
appropriate animal model of humans for investigation of
cerebral circulatory responses to physical exertion.
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The present study, as well as previously published works
(e.g. Olesen, 1971; Foreman et al. 1976; Roland et al.
1977; Halsey et al 1979; Gross et al. 1980; Manohar,
1987; Thomas et al. 1989; Manohar & Goetz, 1998), relates
regional changes in cerebral blood flow and vascular
resistance to the activity and function of that region. This
is based on the classic theory that local metabolism
modulates local perfusion and vascular resistance via
release of vasoactive substances. In the case of the brain
and spinal cord, local perfusion and vascular tone are
presumed to be coupled to the metabolic activity of the
surrounding neurons. The present study and that of
Iwamoto et al. (1996) support this view. Iwamoto et al.
(1996) assessed brain neuronal activity via a Fos protein
labelling technique in rats following prolonged moderate-
intensity treadmill exercise and found an elevated
activity in such areas as the subcortical locomotor regions,
superior colliculus, midbrain, pons, rostral and caudal
ventrolateral medulla, and the medial vestibular nuclei.
Although the present study and that of Iwamoto et al.
(1996) differ in several respects, such as animal species
used and duration of exercise (acute ws. prolonged), there
is considerable agreement among brain regions
investigated in both studies showing increased neural
activity and increased perfusion.

In addition to local metabolism, previous work has also
addressed the possibility that systemic factors modulate
cerebral perfusion (Foreman et al. 1976; Gross et al. 1980;
Manohar, 1986; Manohar & Goetz, 1998). For example,
elevation in arterial pressure, such as occurs during
exercise, functions to induce a cerebral autoregulatory
vasoconstriction (Heistad & Kontos, 1983). In addition,
exercise-induced hypocapnia and elevations in
sympathetic nerve activity could also serve to elevate
cerebral vascular resistance (Heistad & Kontos, 1983). In
contrast to these vasoconstrictor stimuli, it is possible that
systemic lactic acidosis could induce a vasodilatation to
increase cerebral blood flow. However, it appears that the
cerebral vasculature is relatively impermeable to
circulating hydrogen ions, whereas alterations of pH in
the cerebrospinal fluid via enhanced brain tissue
metabolism may mediate cerebral vasodilatation
(Foreman et al. 1976; Heistad & Kontos, 1983). In the
present study, the most profound cerebral exercise
hypaeremia occurred during moderate intensity exercise
when arterial pH was similar to that at rest. These data
suggest that increases in brain blood flow during
moderate and intense exercise are unrelated to reductions
in arterial pH, which only occurred during maximal
exercise. Therefore, the localized increases in blood flow
found in the present study do not appear to be mediated
by circulating vasodilatory factors, but rather appear to
be related to local increases in neuronal activity and O,
consumption (Heistad & Kontos, 1983).

To gain further insight into neuronal activation during
exercise, it is important to consider not only the
relationship of regional changes in neural activity and
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perfusion rate, but also that with vascular resistance
(Fig. 2). In the present study, regional vascular resistance
increased, decreased or remained unchanged during
exercise. The regional increases in vascular resistance
reflect a predominant vasoconstrictor response,
presumably an autoregulatory constriction, sufficient to
maintain perfusion in the face of an elevated perfusion
pressure (Kontos et al. 1978) with little or no change in
local neuronal activity (Fig. 2, left column; Fig. 3, frontal
cortex). The other extreme is the regional decreases in
vascular resistance during exercise, where there is a
putative in neuronal activity and a
corresponding release of metabolites sufficient to
overcome vasoconstrictor influences and induce a net

increase
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vasorelaxation (Fig. 2, right column; Fig. 3, spinal cord).
The third response pattern was for blood flow to increase
during exercise while vascular resistance remained
unchanged (Fig. 2, centre column; Fig. 3, midbrain). In
fact, of the 24 regions where blood flow increased during
exercise, 15 had no change in vascular resistance. Total
brain blood flow and vascular resistance also followed this
pattern (Fig. 1). Several mechanisms could explain this
response. First, it is possible that there is little
autoregulatory control of blood flow in these regions, and
that blood flow passively increases with the elevated
perfusion pressure during exercise. This possibility seems
unlikely given there is no evidence currently in the
literature to suggest that global or regional autoregulatory
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Figure 2. Schematic illustration relating exercise-induced changes in regional neuronal activity to

regional blood flow

Upper half: local vasodilator substance release is presumed to be proportional to the regional change in
neuronal activity. Regional vascular resistance is the net result of vasodilator stimuli and vasoconstrictor
influences, whereas regional blood flow is the net result of changes in vascular resistance and the increase

in perfusion pressure. In this scheme, blood flow rate rather than vascular resistance best reflects the

change in neural activity during exercise. Open arrows represent putative responses; filled arrows
represent observed responses; NC, no change. * Significant observed response (P < 0.05). Lower half:
regions of the brain exhibiting relatively low (left column), intermediate (centre column) or high (right
column) changes in neural activity during exercise. Categorization is based on the pattern of blood flow

and vascular resistance during exercise.
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control of brain blood flow is lacking. A second possibility
is that two or more opposing and offsetting vasoactive
stimuli are present in these regions during exercise. As
illustrated in the middle portion of Fig. 2, there may be
an autoregulatory vasoconstriction in response to the
increased perfusion pressure, and simultaneously an
equivalent vasodilatory stimulus resulting from increased
neuronal metabolite release. The net effect is that
vascular resistance remains unchanged. In this scenario,
the increase in blood flow is driven by the elevation in
perfusion pressure, but this is not a passive response.
Rather, the increase in oxygen delivery appears to be
matched to an increase in local metabolism with no net
change in vascular resistance.

Control of skeletal muscle contraction during locomotion
occurs at various levels in the central nervous system,
including the motor cortex, hypothalamic locomotor
region, mesencephalic locomotor region, pontomedullary
locomotor strip and the spinal cord (Armstrong, 1986;
Rossignol, 1996). Perfusion of regions associated with the
motor (dorsal and ventral frontal cortex) and somatic
sensory (rostroventral and rostrodorsal parietal cortex)
cortices and the pyramidal tract was unaltered by
dynamic exercise. In addition, these cortical regions
demonstrate elevations in vascular resistance during
exercise (Table 2). The observation of a lack of change in
cortical blood flow during locomotory exercise corroborates
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Figure 3. Percentage change in blood flow and
vascular resistance from rest to exercise at 100 %
17()2,max in the frontal cortex, midbrain and cervical
spinal cord

Based on blood flow and vascular resistance
alterations, these regions illustrate the three primary
patterns shown in Fig. 2, indicating a relatively low,
intermediate and high change in neural activity with
exercise, respectively.
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previous work in animals (Foreman et al. 1976; Manohar,
1986, 1987; Manohar & Goetz, 1998). However, these
findings are in contrast to those in humans where single
leg, arm or hand movement evokes focal increases in
cortical flow (Olesen, 1971; Roland et al. 1977; Halsey et
al. 1979; Friedman et al. 1991, 1992; Fink et al. 1995). The
disparity of results between the animal and human
studies could result from differences in species,
techniques used to assess changes in cortical blood flow, or
the precision used to isolate localized areas of interest.
However, it is also possible that differences in cortical
blood flow response to exercise result from differences in
the exercise employed and how conditioned the subjects
were to performing the exercise. For example, the
exercise of the present and previous animal studies
(Foreman et al. 1976; Manohar, 1986, 1987; Manohar &
Goetz, 1998) consisted of steady-state treadmill running
at a constant speed in a fixed direction on a level surface.
These stereotypical motor patterns of locomotion stored
in subcortical brain areas do not appear to require
sustained cortical activation and higher control of muscle
contractions. Exercise-induced increases in blood flow to
the midbrain, pons, rostral and caudal medulla and spinal
cord (Table 2) are consistent with the assertion that
subcortical locomotor regions primarily control treadmill
running. Conversely, less conditioned patterns of
movement may require greater cortical activation and
perfusion. This notion is supported by the findings of
Halsey et al. (1979), who reported that cortical blood flow
of right-handed individuals does not increase during right
hand movements, but is elevated by similar movements
of the left hand.

Previous work has also shown that cerebellar perfusion is
elevated during dynamic exercise (Foreman et al. 1976;
Gross et al. 1980; Manohar, 1986, 1987; Manohar & Goetz,
1998). However, in the present study, flow was shown to
increase and vascular resistance to decrease in regions
specifically associated with motor planning (right and left
hemisphere) and motor execution (anterior and dorsal
vermis) (Brooks & Thach, 1981).

In addition to planning and coordinating limb and body
movements, the cerebellum is also involved in the control
of equilibrium. In this, the ventral vermis and floccular
lobe, collectively called the vestibulocerebellum, and the
vestibular nuclei of the medulla are the primary
recipients of vestibular nerve projections for reflexive
feedback control of balance (Goldberg & Fernandez, 1984;
Shimazu & Shinoda, 1992). The importance of the
vestibulocerebellum has been demonstrated in animal
studies where the destruction of this structure severely
alters the animals’ gait during walking (Dow, 1938;
Brooks & Thach, 1981). The present study also
demonstrates the importance of these neural structures
during locomotion, as indicated by increases in blood flow
and decreases in vascular resistance (ventral vermis)
during exercise.
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The sustained rhythmic contraction of muscles during
locomotion necessitates activation of the cardiorespiratory
system to elevate muscle perfusion in order to meet the
higher oxygen demand of the active muscles. The skeletal
muscles of miniature receive a total of
approximately 1 I min™" of blood at rest (Armstrong et al.
1987). This increases to approximately 71 min~' during
exercise at 67 % r/()z,max and 8.5 1 min™' during running at
100% I7<)2,.nax, the latter representing 85% of cardiac
output. The increase in blood flow is accomplished
through local dilatation in the skeletal muscle and
elevations in arterial perfusion pressure (Delp &
Laughlin, 1998). Correspondingly, ventilation is elevated
at the onset of exercise to maintain P, P, co, and
arterial pH constant (Rowell, 1993). Neural signals
mediating both the rapid rise in arterial pressure and
ventilation appear to originate from supraspinal
locomotor sites (premotor cortex, posterior and dorsal
hypothalamus, and midbrain) that have parallel neuronal
circuits controlling the locomotor and cardiorespiratory
systems (Eldridge et al. 1985; Feldman & Ellenberger,
1988; Waldrop et al. 1996). Signals from these locomotor
sites project to the vasomotor and respiratory areas
located in the medulla and pons. During exercise,
activation of the vasomotor results in
sympathetically mediated venoconstriction and increased
heart rate to elevate cardiac output, and vasoconstriction
in the viscera and other inactive tissues to increase
vascular resistance (thus elevating arterial pressure), all
of which serve to increase blood flow to active muscle
(Eldridge et al. 1985; Waldrop et al. 1996; Delp &
Laughlin, 1998). Correspondingly, activation of the
respiratory area increases the rate of respiration. In
addition, the vasomotor and respiratory neural circuits
receive afferent sensory input for mediating the exercise
pressor reflex response and exercise hyperpnoea,
respectively (Kaufman & Forster, 1996). Thus, the
elevations in medullary and pontine perfusion and
diminutions of medullary vascular resistance during
submaximal and maximal exercise observed in the
present study are consistent with increased activation of
the vasomotor and respiratory areas in mediating
appropriate cardiorespiratory responses to exercise.
Exercise-induced elevations in medullary and pontine
blood flow have previously been reported in ponies
(Manohar, 1986), and recent work in humans has
demonstrated that perfusion of cortical regions (left
insula) associated with cardiovascular regulation is
elevated during active, but not passive, cycling exercise
(Williamson et al. 1997).

swine

area

One purpose of this study was to determine whether
blood flow to regions controlling the special senses
(hearing, smell and vision) is modified by exercise. Based
on the previous work of Gross et al. (1980), who reported
that perfusion of the visual cortex in dogs was unchanged
during exercise, we hypothesized that blood flow would
not be altered to regions involved in the integration of
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visual, auditory or olfactory stimuli. In support of this
hypothesis, we found that perfusion of the cochlear
nuclei, inferior colliculi and temporal cortex, which are
important components of the central auditory pathway
(Aitkin et al. 1984), and blood flow to the olfactory bulbs
and rhinencephalon, which are central components of the
olfactory system (Doty, 1994), were not elevated during
exercise. On the contrary, vascular resistances in the
temporal cortex and rhinencephalon were elevated
during exercise (Table 2). These data indicate that
auditory and olfactory neural activities are not
heightened during dynamic exercise.

Unlike the auditory and olfactory pathways, the activity
of the visual system appears to be elevated during
dynamic exercise. The increases in blood flow to the
primary visual cortex, superior colliculi and lateral
geniculate body, and the decrease in lateral geniculate
vascular resistance indicate that neural activity of the
visual system is heightened during dynamic exercise.
These results are at odds with that of Gross et al. (1980),
who found that blood flow to the canine visual cortex was
unaltered during treadmill running. We do not have an
explanation to account for this discrepancy, except to
suggest that perhaps these investigators sampled the
ventral portion of the occipital cortex, a region in which
we also found that exercise had no effect on perfusion
rate. Alternatively, it is also possible that the activity of
the visual system is elevated in pigs during treadmill
exercise, but not in dogs. It is our experience in running
both miniature swine and dogs on the treadmill that pigs
are much more anxiously aware of investigators and their
surroundings than are dogs. This apparent heightened
awareness may involve activation of the visual system.
We are unaware of any other studies in the literature
reporting perfusion rates to visual, auditory or olfactory
central nervous system structures during exercise.

The transition from rest to moderate intensity exercise
elicited substantial alterations in brain perfusion, both in
terms of increases in total brain blood flow and regional
elevations in flow. However, the transition from
moderate to high intensity exercise elicited no further
change in total brain perfusion and few additional
increases in regional flow. One possible explanation for
the lack of change in regional cerebral perfusion with
higher intensity exercise is that small discrete alterations
in perfusion cannot be detected with the microsphere
technique. Another interpretation of the results is that
few additional central neural locomotor, cardiorespiratory
or sensory adjustments occur with alterations in exercise
intensity. Despite the fact that blood flow to most regions
of the brain did not vary between the two exercise
intensities, there were several notable exceptions. Blood
flow to the anterior and dorsal portions of the cerebellar
vermis was higher during maximal than submaximal
exercise. In addition, the dorsal cerebellar vermis
exhibited exercise intensity-dependent decreases in
vascular resistance. To our knowledge, these are the first
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data to indicate that this portion of the cerebellum may
be important in executing and coordinating the intensity
of muscle movements during whole body dynamic
exercise. The only other region of the brain to show
intensity-dependent increases in blood flow was the
vestibular nuclear area of the medulla. The higher flow to
the vestibular nuclei during maximal exercise indicates
that the mechanism for maintaining balance with higher
intensity exercise is mediated primarily through these
vestibular neurons. We are unaware of other studies to
corroborate this observation.

In summary, total blood flow to the brain was elevated
during submaximal and maximal exercise (Fig. 1). These
elevations in total brain blood flow were similar to those
reported in humans (Hedlund et al. 1962; Thomas et al.
1989). Blood flow was not locally elevated to cortical
regions associated with motor and somatosensory functions
during exercise, but was increased to several subcortical
areas that are involved in the control of locomotion.
Exercise also elevated perfusion to regions of the brain
that are related to the maintenance of equilibrium,
cardiorespiratory control, and vision, but not to regions
related to hearing and smell. Finally, the data indicate
that blood flow increases as a function of exercise
intensity to several areas of the brain associated with
integrating sensory input and motor output (anterior
and dorsal cerebellar vermis) and the maintenance of
equilibrium (vestibular nuclei).
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